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HIGHLIGHTS

GRAPHICAL ABSTRACT

e A peptide-based biosensor was con-
structed based on superstructure to
detect trypsin.

o This is the first time NiCo,04 super-
structure was used in designing a
peptide-based biosensor.

o The proposed peptide-based
biosensor shows extraordinary per-
formance in low detection limit and
wide linear range.
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Here, a simple electrochemical biosensor was proposed based on the specific recognition between
trypsin and peptide. Initially, NiCo,04-PAMAM nanocomposite was casted on the bare electrode to
achieve the electrochemical signal amplification in 0.1 mM [Ru(NH3)s]>* solution owing to the great
electronic conductivity and high electrochemical activity induced by the special structure of NiCo,04
nanosheets (Ni>* cations in octachedral sites of the Co304). Subsequently, a declined electrochemical
signal was obtained when g-C3Ny4 labeled peptide composites were anchored on the electrode. However,
after trypsin was added into solution and incubated with the biosensor, the electrochemical signal was
re-promoted. Therefore, the as-synthesized biosensor could realize the sensitive detection of trypsin by
virtue of the specific recognition between trypsin and peptide. As a result, the developed peptide-based
exhibited a linear range from 101° to 10~#mg mL~" with an ultralow detection limit of 10~ mgmL™",
providing sensitive analytical performance and acceptable application potential in clinical test and dis-
ease diagnosis due to its high stability, excellent selectivity, acceptable reproducibility and accurate
signal output.
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1. Introduction

Trypsin, a kind of serine protease produced by the pancreas, has
been widely studied in recent years. Trypsin is of vital importance
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in controlling the function of pancreatic exocrine due to the active
form of trypsin could lead to the transformation of other pancreatic
proenzymes into active forms [1]. Therefore, as it was reported,
trypsin has been widely used in biochemical applications, identi-
fying protein in peptide sequencing techniques and diagnostic tests
of pancreatic function, because it could specifically and effectively
self-cleave proteins on the C-terminal side of arginine or lysine
residues [1]. Besides, it is known that the level of trypsin also could
serve as a reliable and specific biomarker for some diseases, such as
cystic fibrosis, chronic pancreatic and even cancer [2]. Accordingly,
it is significant to detect the trypsin activities in the fields of the
physiological and pathological diagnosis [3]. Nowadays, a variety of
methods have been developed to detect trypsin, such as radioim-
munoassay [4], enzyme-linked immunosorbent assay (ELISA) [5],
gelatin-based film technique [6] and colorimetric assay [7].
Nevertheless, these traditional methods require not only multifar-
ious and time-consuming preparations of samples, but also
specialized instruments and trained personnel. Thus designing a
simple and quick biosensor for the sensitive determination of
trypsin is especially important.

Several biosensors based on different methods, such as Quartz
Crystal Microbalance (QCM) [8], fluorescent [9] and electro-
chemical [10] methods have been developed to detect trypsin.
However, these methods still could not meet the requirement of
low detection limit and satisfying linear range. For example, M.
Stoytcheva et al. reported a sensitive trypsin activity evaluation
applying a nanostructured QCM-sensors but its detection limit can
be further improved [1]. In addition, although an optical sensitive
nanoprobe (Mn: ZnSe d-dots-Argg) for trypsin determination and
its inhibitor response was fabricated based on the fluorescence
quenching by Xue Gao et al,, its liner range was only from 0.1 to
12.0pgmL~! [11]. Recent years, using short binding peptides as
substrates has been considered as a promising way to detect
enzyme because of their unique merits of stable, reliable, cost-
effective, resistant to harsh environments and more amendable to
engineering at the molecular level [12]. However, considering rare
reports of peptide-based biosensor for trypsin detection have been
developed till now, in this work, a peptide-based platform designed
by electrochemical approach was fabricated to achieve sensitive
detection for trypsin.

In the electrochemical peptide-based sensing system, selecting
proper materials to realize the immobilization of peptides and the
amplification of electrochemical signal is the first thing should be
considered. In the last few years, nanomaterials have attracted
considerable attention due to its charming properties of biocom-
patibility, nontoxicity, environmental-friendly, especially the
excellent electrochemical catalytic activity, which was significant in
designing signal amplification strategies. Among them, the partic-
ular properties of transition metal-based nanomaterials make them
the potential candidates to be chosen. NiCo04, a kind of mixed
transition metal oxide with spinel structure has drawn consider-
able attention in many fields due to its much better electronic
conductivity and higher electrochemical activity than single nickel
oxides or cobalt oxides [12,13]. Besides, other advantages of better
electrochemical catalytic activity, biocompatibility, nontoxicity, and
environmental-friendly [13] made the structure of NiCo,04 be
further investigated. Compared with other structures like NiCo204
nanoparticle, nanotubes and NiCo,04 cluster, NiCo,04 superstruc-
ture shows much better performance because its larger surface area
could effectively contact the electrolyte and electrode materials and
its better conductivity could accelerate transport rate of ions/elec-
trons in the electrode and the interface of electrode/electrolyte [14].
Even so, the superstructure of NiCo,04 has not been applied in
designing electrochemical biosensor. Herein, NiCo,04 superstruc-
ture was synthesized by a similar way with Hejun Li group [15] and

employed as sensing matrix to amplify electrochemical signals.
Additionally, to further promote the performance of NiCo,04,
PAMAM was introduced to realize the functionalization of NiCo,04.
The space structures of PAMAM dendrimers are highly branched
three-dimensional macromolecules with massive functional
amino-groups (-NH3), which enable NiCo,04-PAMAM nano-
composites film to capture more peptides. Considering the
assemble ability between peptides and 3,4,9,10-perylene tetra-
carboxylic acid (PTCA) and the -7 conjugation between the PTCA
and g-C3Ny4 [17], PTCA was employed to connect peptides and g-
C3N4 which could quench the electrochemical signal [18].

In this work, a sensitive electrochemical peptide-based sensor
was developed based on the amplified strategy of NiCo,04 nano-
sheets. The fabricated process of the biosensor was presented in
Scheme 1. First of all, NiCo,04-PAMAM nanocomposite was modi-
fied on the bare glassy carbon electrode, which could effectively
promote the electrochemical signal owing to the excellent con-
ductivity of NiCo,04. Moreover, the large surface area of NiCo,04
[19] and the highly branched 3D structure of PAMAM [16] provided
more active sites for the anchor of peptides to further expand the
range of assay. Subsequently, the peptides were labeled with PTCA
functionalized g-C3Ny4 via the m-7 stacking between the PTCA and
g-C3N4 and then linked to NiCo;04-PAMAM nanocomposite, lead-
ing to a distinctly declined electrochemical response due to the
quench effect of g-C3N4. Nevertheless, after the incubation between
trypsin and peptides, a remarkably raised electrochemical signal
was realized, providing an effective electrochemical strategy for the
sensitive determination of trypsin. The reason could be explained
by the specific recognization between the peptide and trypsin,
which triggered the releasing of g-C3Ny4 from the electrode and thus
resulted in the electrochemical signal recovered proportionally to
the concentration of trypsin. In a word, the peptide-based
biosensor was first proposed on the basis of NiCo,04 superstruc-
ture as the electrochemical signal amplification matrix to realize
the fast, sensitive, and accurate detection of trypsin activity in real
samples, showing promising application in clinical test and disease
diagnosis.

2. Experimental
2.1. Materials and reagents
Peptide from Biodee

(CAGRAAADAD) was purchased
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Scheme 1. Schematic illustration the process of fabrication of peptide-based biosensor
for sensing trypsin.
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Biotechnology Co. Ltd. (Beijing). Trypsin and lysozyme, alpha feto-
protein (AFP), and horseradish peroxidase (HRP) were bought from
Beijing Bioss Biology Technology Ltd. (China), and bovine serum
albumin (BSA) was purchased from Sino-American Biotechnology
Co., Ltd. Poly(amidoamine) dendrimer (PAMAM), Hexaamminer-
uthnium (Il1) chloride, and 3,4,9,10-perylene tetracarboxylic acid
(PTCA) were bought from Aladdin Inc. (Shanghai, China).1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) was purchased from
Sigma (St. Louis, MO, USA), g-C3N4 was synthesized according to
previous report [18]. Human serum samples were supplied by the
local hospital and human urine samples were collected from
healthy volunteers. Phosphate buffer solution (PBS) was prepared
by mixing 0.1 M NaH,PO4 and 0.1 M NaHPO4 under monitoring of
PHS-3C exact digital pH metre (Shanghai, China). Trihydroxymethyl
aminomethane (Tris), HCl, NaOH and other reagents were of
analytical grade and used without further purification.

2.2. Apparatus and measurements

Scanning electron microscopy (SEM, SU8000 instrument) and
Transmission electron microscopy (TEM, FEI F20 S-TWIN instru-
ment) were applied for the structural characterization of the
resulting nanosheets. X-ray diffraction (XRD) patterns were recor-
ded on a PANalytical X'Pert spectrometer using the Co Ko radiation
(A=1.78897 A), and the data were changed to Cu Ko data. Nj
adsorption-desorption analysis was measured on a Micro-meritics
Tristar II 3020 instrument (USA). The pore size distributions of the
as-prepared samples were analyzed using the Barrett Joyner
Halenda (BJH) method. Differential pulse voltammetry (DPV) and
electrochemical impedance spectroscopy (EIS) performed with a
LK2006 Electrochemical Work Station (Tianjin Lanlike Electronic
Co., LTD, Tianjin, China). A three-electrode system, composing a
platinum wire as auxiliary electrode, a glassy carbon electrode
(GCE, ¢3mm) as working electrode and Ag/AgCl reference electrode
(sat. KCl) was utilized to carry on all electrochemical processes. The
pH measurements were carried out on PHS-3C exact digital pH
metre (Shanghai Leici Co. Ltd., China), which was calibrated with
standard pH buffer solutions.

2.3. Synthesis of ultrathin NiCo,04 nanosheets with mesoporous
structure

Typically, 2 mmol of Co(NO3),-6H,0, 1 mmol of Ni(NOs3),-6H,0
and 4.5 mmol of hexamethylenetetramine were dissolved in the
mixture of 20 mL ethanol and 40 mL deionized (DI) water and then
transferred into 100 mL Teflon-lined. After magnetic stirring for
24 h at 90 °C and cooled to room temperature, the precipitates were
separated by centrifugation and washed with DI water and ethanol
for three times, respectively. Then final product was obtained after
dried in the blast oven for 12 h at 60 °C and annealed the product at
350°C for 2 h in air.

2.4. Formation of NiCo04-PAMAM/GCE

Firstly, 50 mg of synthesized NiCo,O4 nanosheets was mixed
with 3% PAMAM and then dispersed in 10 mL ultrapure water un-
der ultrasonic while stirring for 1h. Afterwards, the NiCoy04
-PAMAM suspension was dialyzed using a cellulose dialysis sack to
purify the product. Washing the collected products with ethanol
and ultrapure water respectively for several times and 1.0 mg
NiCo,04 -PAMAM was re-dispersed in 1.0 mL water for further use.
Finally, 4 puL of this mixture was spin-coated onto the interface of
the electrode and dried under the infrared lamp to obtain NiC0,04-
PAMAM modified GCE (NiCo,04-PAMAM/GCE).

2.5. Synthesis of g-CsN4 nanocomposite

The g-C3N4 nanocomposite was synthesized as the reference
showed with a minor modification [18]. Dicyandiamide was heated
with a ramp rate of 2.3 °C/min for 4 h at 550 °C and cooled at a rate
of 1°C/min. The collected yellow resultant was put into a mortar
and milled into powder to obtain bulk g-C3N4. After 400 mg of bulk
g-C3N4 was put into an open ceramic container and heated with a
ramp rate of 5°C/min for 2 h at 550 °C, the g-C3N4 nanocomposite,
light yellow powder, was obtained.

2.6. Preparation of g-CsN4 labeled peptide solution

The g-C3N4 labeled peptide solution was prepared as following
steps: firstly, 10 mg of PTCA was added into 1 mL doubly distilled
water, stirred and mixed with 1 mgmL™ g-C3Ny4, followed by an
overnight incubation at 4 °C and ultrafiltration, centrifugation and
redispersion using ultrapure water for purification. Next, 20 mM
EDC/NHS was added in the resultant solution to realize the
connection of PTCA and peptide. Later, 1 mgmL~! peptide was
dissolved in 10 mL PBS, stirred and added to the above mixture for
overnight at 4°C temperature. The labeled peptide was purified
using 50 mM phosphate buffer solution containing 0.15 M NaCl (pH
7.2) with the same method above.

2.7. Fabrication of the peptide-based sensor

Before modification, the bare GCE was polished with 0.3 um
alumina particles on chamois, then washed with ethanol and water
repetitiously and natural dried in air. Next, the mixture of synthe-
sized NiCo,04 nanosheets and PAMAM containing 1 mL ultrapure
water was spin-coated onto the interface of the electrode, and dried
at room temperature under the infrared lamp to obtain NiCoy04-
PAMAM modified GCE (NiCo,04-PAMAM/GCE). Then the modified
electrode was incubated in the resulting mixture g-C3N4-PTCA-
peptide solution at 4°C for 1h and softly rinsed with ultrapure
water. Subsequently, the electrode was incubated with peptide
labeled by g-C3Na4. This obtained modified electrode was noted as
GCE/NiCo,04/PAMAM-peptide@g-C5N4. Subsequently, the result-
ing peptide-based sensor was incubated with 5 pL 1 wt% BSA for
50 min at 4 °C to block possible remaining active sites and avoid the
non-specific adsorption. Finally, the peptide-based sensor was ob-
tained after softly rinsed with ultrapure water and stored in
refrigerator for further use.

2.8. Preparation of clinical samples

Serum samples of healthy persons were provided by Fujian
Provincial Hospital and measured by some procedures of trypsin
activity detection which include centrifugation (6000 rpm, 5 min)
of the fresh blood samples. Before a trypsin test, different con-
centrations of serum samples need to be diluted 10 times.

3. Results and discussion
3.1. Characterization of NiCoy04

The typical SEM and TEM were employed to characterize the
structure of NiCoy04. From Fig. 1A, it can be clearly seen that
numerous nanosheets interconnected with each other were
formed, which showed porous nature of nanosheets. In addition,
the TEM image displayed in Fig. 1B further verified the NiCo,04
nanosheets were composed of nanoparticle subunits. In addition,
the HRTEM image exhibited lattice fringes with main interplanar
spacing of ca. 0.25 nm, corresponding to the (311) crystal plane of
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Fig. 1. (A) SEM, (B) TEM and (C) HRTEM imagines and (D) XRD pattern of NiCo,04 nanoparticle subunits.

spinel NiCo,04 (Fig. 1C). To further obtain the crystalline structure
of the NiCo,04, the XRD was performed in Fig. 1D, eight distinct
diffraction peaks were appeared at 2q values of 19.3, 31.2, 36.8,
38.5, 44.8, 55.8, 59.3 and 65.2, which were in agreement with the
(111),(200), (311), (222), (400), (422), (511) and (440) crystal planes
of NiCo,04 (JCPDS No. 20—0781), respectively [20]. Moreover, no
other peaks appeared in the XRD pattern, indicating the NiCo,04
nanosheets are pure.

3.2. Electrochemical characterization of peptide-based sensor

In this work, NiCo,04-PAMAM as an amplification platform
were employed to enhance the electrochemical signal. Therefore,
the performance of the peptide-based sensor was investigated by
differential pulse voltammetry (DPV) measurement. As shown in
Fig. 2A, the DPV response from the NiCo,04-PAMAM modified
electrode (curve b) was 4 times higher than that of bare glassy
carbon electrode (“signal amplify”, curve a). The results may be
ascribed to the unique structure of NiCo;04-PAMAM composite
with Ni°t cations in octachedral sites of the Co304 which
permitted the transportation of ions/electrons easier [13,21].
However, when g-C3N4 labeled peptides were grafted to the
NiCo204-PAMAM modified electrode, an apparent decreased peak
current was observed (“signal-off”, curve c). This phenomenon can
be explained by the wide band gap (about 2.6 eV) of g-C3N4 and the
contact resistance between the g-C3N4 nanosheets, which gener-
ated great hindrance and further limited the process of electron
transportation [22]. Then an increase of the signal can be clearly
seen (“signal-on”, curve d) after the modified electrode was incu-
bated with trypsin, indicating the trypsin specifically and effec-
tively cleaved the C-terminal side of arginine in the peptide and
made the g-C3N4 drop off from the electrode surface. The results
showed that the modified electrodes were synthesized successfully.

Furthermore, a contrast experiment was conducted to prove the
g-C3N4 could significantly decrease the DPV response and the re-
sults were showed in the insert of the Fig. 2A. Compared with the

DPV signal of the newly constructed peptide—based biosensor
(curve c) and the signal of ultrapure water (curve e), there was no
evident difference between them, implying the wide band gap and
the connect resistance of g-C3N4 nanocomposite could hinder the
transportation of electrons. This blank experiment also demon-
strated that g-C3N4 was able to decline the background signal.

Electrochemical impedance spectroscopy (EIS) was used to
illustrate the detail fabrication process of the biosensor. The typical
impedance spectrum includes a semicircle portion at higher fre-
quency range corresponding to the electron-transfer-limited pro-
cess and a linear part at lower frequency rang corresponding to the
diffusion-limited process [23]. Here, EIS was performed in PBS
(0.1 M, pH 7.4) solution containing 5mM [Fe(CN)s>7in a fre-
quency range from 0.1 Hz to 100 kHz and the results were displayed
in Fig. 2B. The impedance spectrum exhibited an obvious semicircle
at high frequency when there was only bare GCE, which indicated
that electron could transfer at a low speed (Fig. 2B, curve a). With
the NiCo,04-PAMAM composite dripped on the surface of bare GCE,
the radius of the semicircle evidently decreased, which suggested
that the NiCo,04-PAMAM on the electrode reduced the surface
resistance (Fig. 2B, curve b). This was because the special structure
of NiCo,04 nanosheets induced the better electronic conductivity
and higher electrochemical activity than GCE. After peptides with
g-C3N4 nanocomposite were anchored onto the PAMAM-NiCo,04,
the Ret value immediately increased (Fig. 2B, curve c), which
demonstrated that g-C3N4 blocked the electron transfer tunnel due
to its poor electric conductivity. Finally, when the trypsin was
incubated on the electrode, a remarkable decrease in the Ret value
was observed (Fig. 2B, curve d), implying that the trypsin cleaved
the C-terminal side of arginine in the peptide owing to its specific
recognition with peptide [10]. The results also indicated the
modified electrodes were fabricated successfully.

Moreover, to evaluate the performance of signal restraint
resulted from the g-C3N4 riveted on peptide, the experiments were
conducted to compare the signal responses in the presence and
absence of g-C3Ns modified on the electrodes in 0.1 mM
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Fig. 2. (A) Differential pulse voltammograms obtained at different electrodes in 0.1 mM [Ru(NH3)s]>* containing 1.0 M KCI. (B) Nyquist diagrams of EIS (in the frequency range of
0.1 Hz—10 kHz) obtained at different electrodes in the 5.0 mM KsFe(CN)s/K4Fe(CN)s (1:1) containing 1.0 M KCl. (a) GCE (b) GCE/NiCo0,04/PAMAM (c) GCE/NiCo,04/PAMAM-pepti-
de@g-C3Ny4 (d) the electrode of (c) incubated with trypsin. Inset, (e) DPV response of electrode (c) incubated with ultrapure water. (C) Differential pulse voltammograms of the
electrode (a) GCE/NiCo,04/PAMAM-peptide@g-C3N4 before and after incubated with trypsin (b), and the electrode of (c) GCE/NiCo,04/PAMAM-peptide before and after incubated

with trypsin (d).

[Ru(NH3)g]>* containing 1 M KCI. As shown in Fig. 2C, the electro-
chemical signal of peptide-based sensor with g-C3N4 (curve a) was
lower than that of without g-C3N4 (curve c). After the electrode was
incubated with trypsin to cleave the specific site of peptide, both of
the signals from peptide-based sensor with g-C3N4 (curve b) and
without g-C3N4 (curve d) were increased. However, the amplitude
of the current responses (AlI) changed more when g-C3N4 existed.
The above results confirmed the g-CsN4 could improve the sensi-
tivity of sensor by restraining the electron transportation resulted
from the poor electric conduction of g-C3N4 [18]. This strategy
illustrated an indirect signal amplification method which exhibited
highly improved sensitivity than without g-C3Ny4 labeling peptide-
based sensor.

3.3. Optimization of experimental conditions

In order to maximize the peptide-based sensor response, several
experimental conditions including the amount of NiCo,04 and
PAMAM, incubation time between peptide and trypsin, the effect of
PH on the process of trypsin cleaving peptide, and the trypsin in-
cubation temperature were optimized. The amount of PAMAM and
NiCo,04 played important roles in electron transportation on the
surface of electrode, so it was necessary to investigate the effect
caused by amount of PAMAM and NiCo,04. The DPVs of electrodes
modified with different concentrations of PAMAM and NiCoy04
were performed in 1.0 M KCl containing 0.1 mM [Ru(NH3)g]>*. It
was clear that the DPV peak current of [Ru(NH3)g]>* increased with
the elevating concentration of PAMAM from 0.1 to 0.3 wt% and then
decreased because the thick PAMAM layers on the electrode hin-
dered the electron transfer (Fig. 3A). As shown in Fig. 3B, the peak
current reached a maximum when the amount of NiCo,04 was
5mg mL~. Under this circumstance, NiCo,04 has better electronic
conductivity and higher electrochemical activity [15]. Whereas,
with the continue increasing of NiCo,04 from 5 to 7 mg mL~!, the
peak current rapidly decreased due to the thick layers of NiCo,04
impeded the electron transfer on the surface of electrode. There-
fore, 0.3 wt% PAMAM and 5mgmL~! NiCo,04 were chosen to
modify the electrode in the following experiments.

The incubation time was an important parameter for the pro-
posed peptide-based sensor during the trypsin detection. In order
to figure out the best incubation time, the electrodes were first
incubated with 1 mg mL! peptide for 15, 30, 45, 60, and 75 min,

respectively, and the responses of peptide were recorded as I.
Then, the electrodes were continued to incubate with 1 ugmL™!
trypsin for 1 h, and the responses of trypsin were recorded as I;. The
variable responses of before and after trypsin cleaving peptide were
recorded as Al This signal record method exactly illustrated the
trend of responses under different experimental conditions. Fig. 4A
showed that the current changes increased with the extension of
incubation time from 15 to 60 min and then decreased. Thus 60 min
was chosen for subsequent experiments. With the same assay
method, the incubation time of trypsin was also investigated for 15,
30, 45, 60, and 75 min, respectively. The results displayed that the
amplitude of the response increased with cleavage peptide time
from 15 min to 45 min (Fig. 4B), and then declined with further
increase of cleavage peptide time. Therefore, 45 min was selected as
the optimal incubation time for the determination of trypsin in
subsequent experiments.

The pH value of the detection solution was also optimized since
unsuitable pH may cause protein denaturalization, which would
affect the electrochemical response of the peptide-based sensor. In
order to optimize the pH value, a series of Tris-HCl with the pH
values ranged from 7.0 to 9.0 and containing 1.0 pg mL™! trypsin
solution were prepared and the peptide-based sensors were tested
in .0M KCl with 0.1 mM [Ru(NH3)s]>* using DPVs. Fig. 4C dis-
played the variable value increased with increasing pH and reached
amaximum at pH 8.5. Therefore, 8.5 were chosen as the optimal pH
value in the following experiments. In addition, the temperature of
the trypsin cleaving peptide efficiency also greatly affected the
analytical performance of the proposed peptide-based assay. As
described in Fig. 4D, the signal of trypsin reached a top point when
the incubation temperature was up to 37 °C and then decreased
with further increase of incubation temperature. This might attri-
bute to the fact that the higher temperature partly caused the
denaturation of proteins [24]. Thus, 37 °C was selected as the best
incubation temperature for the peptide-based sensor.

3.4. Performance of the peptide-based sensor

As expected, under the optimistic condition, the DPVs peak
current of the peptide-based sensor increased with the increasing
concentration of trypsin from 107'° to 10~*mgmL~! as shown in
Fig. 5A. Fig. 5B showed that the proposed peptide-based sensor has
a wide linearity range from 1071° to 107*mgmL~! with a low
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Fig. 4. Effect of (A) the peptide incubation time, (B) the trypsin cleaving time, (C) pH of trypsin cleaving peptide, (D) temperature of trypsin cleaving peptide versus Al (Al =
I; — Ip), o was the signal of GCE/NiCo,04/PAMAM-peptide@g-C3Ny4, I; was the signal after the modified electrode incubated with trypsin in 0.1 mM [Ru(NH3)s]** containing 1.0 M

KCL

detection limit of 1071 mg mL~!, which indicated the response of
different concentration of trypsin cleaving the peptide displayed a
good linear calibration plot against the logarithm of trypsin con-
centration under the optimized conditions. The comparisons of the
linear range of different analysis assays were listed in Table 1.
Moreover, it could be observed from the inset of Fig. 5B that several
electrodes modified in the same way have good reproducibility
when the concentration of trypsin was under 10~ mgmL~.

3.5. Amplification effect of NiCo,04 nanosheets

To prove the amplification effect of NiCo,04 nanosheets, the
comparison of signals from different electrodes modified with
NiCo,04-PAMAM and PAMAM at different concentration of trypsin
was investigated in Fig. 5C. The linear relationships between I and
the logarithm of trypsin concentration were quantified as the
equations.

Ip1 (1A) = 0.19 logc (mg mL ') + 7.24, (R* = 0.9954) (1)
with the presence of NiCo,04 nanosheets
Ip2 (LA) = 0.11 logc (mg mL~1) + 4.35, (R* = 0.9983) (2)

with the absence of NiCo,04 nanosheets. The results demonstrated
the electrode modified with NiCo;04-PAMAM showed higher
electrochemical signals than that of only PAMAM, indicating
NiCo,04 nanosheets did amplify the electrochemical signals.
Furthermore, the slope of presence NiCo;0O4 nanosheets (curve a)
was more acclivitous than that of absence NiCo,04 nanosheets
(curve b), showing that NiCo,04 nanosheets improved the sensi-
tivity of the constructed peptide-based sensor because NiCo,04
have excellent electrocatalysis and could effectively transfer elec-
trons [24].
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Fig. 5. (A) Differential pulse voltammograms of GCE/NiC0,04/PAMAM-peptide@g-CsN,4 incubated with different concentrations of trypsin from 10~ to 107" mgmL~". (B) The
calibration curve of the logarithm of trypsin concentration, and the inset was the reproducibility of GCE/NiCo,04/PAMAM-peptide@g-C3N4 when trypsin concentration was
102 mgmL~". (C) The calibration curves of trypsin concentration in presence (curve a) or absence (curve b) NiCo,04 on the electrodes. (D) Current response of GCE/NiC0,04/
PAMAM-peptide@g-C5N,4 reacted with H,0 (blank), 1.0 mg mL~'HRP (a), BSA (b), AFP (c), Lysozyme (d), 0.01 mgmL~" trypsin (e), 1.0 mg mL~' HRP mixture with 0.01 mg mL~!
trypsin (f), BSA mixture with trypsin (g), AFP mixture with trypsin (h), Lysozyme mixture with trypsin (i) in 0.1 mM [Ru(NH3)s]>* containing 1.0 M KCI.

Table 1
Results of trypsin determination in normal adult serum samples.
Sample Trypsin added (ng mL~") Found (ng mL~") Recovery (%) RSD (%, n=5)
Serum 8.55 8.11 94.9 43
9.0 8.26 91.8 3.7
135 14.02 103.9 29

3.6. Selectivity, stability and reproducibility of the peptide-based
sensor

To evaluate of selectivity of the electrochemical peptide-based
senor, various possible interferences, such as HRP, BSA, AFP and
Lysozyme were investigated by examining current responses of
GCE/NiCo04/PAMAM-peptide@g-C3N4. Briefly, the proposed
peptide-based sensor was immersed in the solution of
0.01 mgmL~! trypsin, interference (1.0mgmL~'), 0.01 mgmL "
trypsin with interference (1.0 mg mL™!), respectively. As presented
in Fig. 5D, compared with pure trypsin cleaving peptide, the current
responses of each interference were about half of it. On the other
hand, only slight signal changes were found after trypsin was
mixed with these interferences. These results suggested that the
selectivity of the proposed peptide-based sensor was acceptable
within experimental error for the determination of trypsin.

To study the reproducibility of peptide-based sensor, the con-
centration of 1ngmL™! trypsin solution was measured five times
using freshly prepared modified electrode. As depicted in the inset
of Fig. 5B, the electrochemical responses were almost consistent,
demonstrating the repeatability of the proposed peptide-based
sensor was satisfactory. Moreover, the stability of the peptide-

based sensor was evaluated by storing the modified electrodes at
4°C for over 10 days and recording the responses periodically. The
results showed that the electrochemical response dropped less
than 10% compared with the freshly prepared modified electrode at
the end of 10th day, which indicated the proposed peptide-based
sensor possessed excellent long-term stability.

3.7. Analysis of clinical serum samples

To test the availability of the proposed peptide-based sensor in
clinical use, three serum samples containing trypsin was examined.
The results were shown in Table 1. As a matter of fact, a satisfactory
recovery in the range from 91.78% to 103.85% was observed, and the
RSD (n=5) was less than 4.3%. Thus, the proposed peptide-based
sensor showed the potential application in clinical diagnostics for
simultaneous determination of trypsin.

3.8. The effect of trypsin inhibitor

To assess the reproducibility, Trypsin inhibitor was used to
further verify the practicability of the strategy because the trypsin
would disassemble when corresponding trypsin inhibitors were
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present. The preparative electrodes of GCE/NiCo,04/PAMAM-pep-
tide@g-C3N4 were incubated with trypsin in different concentra-
tions of trypsin inhibitor for 45 min at 37 °C and the responses were
recorded as shown in Fig. 6A. The signals of DPVs decreased with
increasing the inhibitor concentration, suggesting the inhibitor
effectively retarded trypsin activity. The relationship between the
inhibitor efficiency ((Ip — I)/lp) and the logarithm of inhibitor con-
centration was displayed in Fig. 6B, where Iy was the signal of
0.1 mgmL~! trypsin and I was the signal of 0.1 mgmL~! trypsin
incubated with different concentration of inhibitor. The fitting
curve is a Boltzmann sigmoid and follow the equation [2]:

y=A; + (A1-A2)/(1 + exp(x-Xg)/dx) (A1 =0.0927, A, = 0.2543,
Xo = 3.5269, dx = 0.4114, R? = 0.9969) 3)

Obviously, when the concentration of inhibitor was 2.0 pg mL™",
the slope of this curve reached a maximum value, showing that 50%
inhibitory concentration is 2.0 uygmL~L This result showed the
proposed biosensor was accessible and could be employed to detect
the trypsin activity and the inhibitor-screening.

4. Conclusions

In conclusion, a new peptide-based sensing platform was
established by using NiCo,04 nanosheets as amplified strategy to
determine a digestive enzyme, trypsin. The peptide-based sensor
with direct transduction of a signal corresponding to peptide
cleavage events into an electronic signal and provided a simple and
sensitive method for determination of trypsin activity. This fabri-
cated peptide-based sensor performed not only a broad linear
range with low detection limit of 1071 mg mL~", but high stability,
excellent selectivity and acceptable reproducibility. Furthermore,
the accurate results for trypsin activity detection of serum sample
revealed a promising platform for clinical diagnostics. Importantly,
this is the first time that nanocomposite combined with peptide-
based strategy was employed in designing electrochemical
biosensor, which could provide a promising perspective in the
construction of versatile electrochemical platforms.
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